The objective of the present study was to investigate the effects of saponins from the anomalous fruits of Gleditsia sinensis on mast cell degranulation triggered by compound 48/80 and to determine possible structure-activity relationships. Among the eleven saponins tested, four effectively inhibited β-hexosaminidase release from rat peritoneal mast cells. Studies of structureactivity relationships indicated that saponins with an aglycone of echinocystic acid instead of oleanolic acid were more effective. A sugar chain at C-3 was essential for the inhibitory effects, and a single sugar chain was the most effective. The length and structures of the oligosaccharide chain at C-28 were also critical for the activity of the compounds, and introduction of monoterpene units to the oligosaccharide chain substantially decreased the activity. To gain insight into the mechanisms responsible for preventing mast cell degranulation, the effects of saponins on intracellular cAMP were examined. After preincubation with mast cells for different times, the four active saponins significantly increased the intracellular cAMP content. These findings suggested that the four saponins might be the active constituents of the anomalous fruits of G. sinensis for antiallergic activities, and they prevented mast cell degranulation probably by elevating intracellular cAMP levels.
Gleditsia sinensis Lam (Leguminosae) is a perennial shrub widely distributed throughout China. Its anomalous fruits originating from the old or injured plants are claimed to be a valuable folk medicine for treating various diseases, such as apoplexy, headache, productive cough, asthma and scabies [1] . Previously, we reported that a 70% ethanol extract of the fruits effectively attenuated immunoglobulin E (IgE)-mediated rat homologous passive cutaneous anaphylaxis, mouse systemic anaphylactic shock and histamine release from rat peritoneal mast cells caused by compound 48/80 [2] . The saponin fraction from the fruits dose-dependently alleviated the nasal symptoms of experimental allergic rhinitis induced by ovalbumin and histamine in mice and rats, which was probably by inhibiting both histamine release from mast cells and nasal vascular permeability [3, 4] . These findings suggested that the anomalous fruits of G. sinensis were effective for preventing immediate allergic reactions, and saponins were the main active components.
Activated mast cells play a critical role in the pathogenesis of immediate allergic reactions. IgEdependent and IgE-independent stimuli can induce the degranulation of mast cells, which result in release of various mediators, such as histamine and an array of pro-inflammatory cytokines. Histamine is the main content of granules in mast cells and exerts many effects related to the immediate phase of allergic inflammation, including vasodilatation, increased vascular permeability, tissue edema, contraction of bronchial and intestinal smooth muscles, and increased mucus production [5] . Inhibition of mast cell degranulation and subsequent histamine release is doubtlessly beneficial for alleviating immediate allergic disorders.
The present study was performed to investigate the effects of eleven saponins, previously isolated as active constituents responsible for the antiallergic activities of G. sinensis. Compound 48/80, a mixed polymer of phenethylamine cross-linked by formaldehyde that can induce almost 90% release of histamine from mast cells [2] , was used as a stimulus of mast cells.
The structures of the eleven saponins tested, isolated from the saponin fraction of G. sinensis fruits, are listed in Figure 1 . The compounds were identified as gleditsioside A (1), gleditsioside B (2), gleditsioside D (3), gleditsioside I (4), gleditsioside N (5), gleditsioside O (6), gleditsioside Z (7), pitheduloside A (8), pitheduloside C (9), pitheduloside E (10) and vitalboside A (11), respectively, by direct comparison with previously reported physicochemical and spectroscopic data [6] [7] [8] [9] [10] . The effects of these saponins on compound 48/80-induced β-hexosaminidase release, an indicator of degranulation, from rat peritoneal mast cells were examined. The inhibitory potency was expressed as IC 50 value. Table 1 , four saponins (4, 8, 10, 11), but not the aglycone (oleanolic acid) significantly inhibited compound 48/80-induced β-hexosaminidase release from rat peritoneal mast cells. Compounds 8 and 10 with an α-hydroxy group at C-16 showed more potent effects than compounds 4 and 11 without the α-hydroxy group, which was also supported by the findings that the introduction of an α-hydroxy group at C-16 could promote the ability of these compounds to induce apoptosis in tumor cells [11] . The echinocystic acid aglycone seemed to be beneficial for the biological activities of G. sinensis saponins.
As shown in
Compounds 9 and 11 are oleanane-type triterpenoid saponins. At the C-3 position, they are linked with three and one sugar chains, respectively. In comparison with oleanolic acid, compound 11 showed moderate inhibition of mast cell degranulation, but compound 9 was ineffective. It was suggested that a one sugar chain rather than a multi sugar chain at C-3 was beneficial for the inhibitory activities of oleanane type triterpenoid saponins.
Our previous studies showed that introduction of a sugar chain at C-28 could dramatically increase the inhibitory effects of G. sinensis saponins on nitric oxide synthesis in RAW264.7 cells [6] . In the present study, compound 4, with a tetrasaccharide chain at C-28, showed more potent inhibition of mast cell degranulation compared with compound 9. It could be inferred that an oligosaccharide chain at C-28 might be beneficial for the inhibitory effects on mast cell degranulation. Furthermore, the introduction of monoterpene units to the tetrasaccharide chain at C-28 The action of compound 48/80 on mast cells involves multiple signal transduction pathways. In general, compound 48/80 initiates the generation of superoxide anions by cAMP-dependent protein kinase (A-kinase) inactivation through decreasing the intracellular cAMP concentration [12] . The superoxide anions induce inositol 1, 4, 5triphosphate (IP3) -or GTP-dependent calcium release from the endoplasmic reticulum of mast cells [13] . Increased intracellular calcium level leads to degranulation of mast cells and subsequent histamine release [14] . The cAMP plays important roles in regulating the intracellular calcium content. Drugs that can increase cAMP levels are beneficial for stabilizing membranes of mast cells [15] .
Shin et al. reported that the crude extract from G. sinensis thorns exerted an antiallergic effect by directly increasing the cAMP level of mast cells [16] .
To get insight into the mechanisms of the active saponin compounds (4, 8, 10, 11 ) for preventing mast cell degranulation, we investigated their effects on intracellular cAMP content of rat peritoneal mast cells. As shown in Figure 3 , the four compounds significantly increased intracellular cAMP during In summary, the present study showed that the four saponins (4, 8, 10, 11) , isolated from the saponin fraction of the anomalous fruits of G. sinensis, were able to prevent compound 48/80-induced degranulation of rat peritoneal mast cells in vitro, which was evidenced by reducing β-hexosaminidase release and modifying the morphology of mast cells. These compounds probably function via increasing intracellular cAMP level. The structure-activity relationship analysis of the tested eleven saponins provides beneficial guidance for the discovery of new drugs from the saponin analogs. On the other hand, given that saponin compounds administered orally are generally absorbed in small amounts and are easily degraded to lose either partially or even all glucoses in the intestinal tract and livers, there is a possibility that saponins, residues losing glucoses and aglycones are simultaneously distributed around the target cells. Further understanding of how saponin compounds (4, 8, 10, 11) are biotransformed in vivo is essential for ascertaining whether they are the substantial active constituents responsible for the antiallergic properties of G. sinensis. Preparation and purification of rat peritoneal mast cells: As previously described [17] , mixed rat peritoneal cells were collected by peritoneal lavage and were purified by centrifugation through Ficoll density gradient. Purified mast cells were washed and resuspended in PBS (NaCl 154 mM, KCl 2.7 mM, CaCl 2 0.9 mM, Na 2 HPO 4 4 mM, KH 2 PO 4 2.7 mM, glucose 5.6 mM and 0.1% bovine serum albumin).
Experimental

Chemicals
Mast cell preparations were about 92% pure, as assessed by toluidine blue staining. Cell viability was confirmed to be around 90% before and after experiments by the trypan blue exclusion test.
β-Hexosaminidase assay:
The degree of degranulation was determined by measuring the release of β-hexosaminidase, a reliable indicator of mast cell degranulation [18] . In brief, purified mast cells (2×10 6 cells/mL) were pre-warmed at 37°C for 10 min. Then, PBS as a negative control, DSCG as a positive control and test samples were added 5 min before activation by compound 48/80 (0.5 mg/mL). The reaction was stopped 10 min later by chilling the test tubes in ice water. The released β-hexosaminidase was separated from the cells by brief centrifugation at 4°C, and 90 μL of cell-free supernatant was incubated in a 96-well plate with 60 μL of substrate of the β-HA reaction (10 mM of p-nitropheny-N-acetyl-β-D-glucosaminide in 40 mM citric acid and 70 mM Na 2 HPO 4 , PH4.5 ) at 37°C for 2 h. Then, the reaction was terminated by the addition 100 μL of 0.4 mM glycine (PH10.7). The amount of 4-p-nitrophenol produced was measured by absorbance at 414 nm. The release of β-hexosaminidase was expressed as the percentage of the product in the incubation medium to the total. The percentage of release was calculated from the following formula: Release (%) = (stimulated release-unstimulated release) / (stimulated release+ residual) × 100%.
Morphology assay of mast cells:
The percentage of mast cell degranulation induced by compound 48/80 was measured by a previously described method [19] . In brief, purified mast cells (5×10 5 cells/50 μL) were prewarmed with PBS, DSCG (500 μg/mL) and test saponins (100 μM) for 5 min before treated with compound 48/80 for 10 min. Then the cells were quickly fixed with formaldehyde and stained with 0.4% toluidine blue solution for 10 min. Degranulation of the mast cells was observed under the oil lens of a microscope. Several field of vision were selected at random, the number of deregulated and total mast cells of each group were calculated. Percentage of degranulation was then calculated as the ratio of the total mast cell number. cAMP assay of mast cells: The intracellular cAMP level was determined according to the method reported previously [20] . In brief, purified rat peritoneal mast cells were resuspended in prewarmed (37°C) PBS containing 5.6 mM glucose and 0.1% bovine serum albumin. An aliquot of cells (2×10 5 cells/50 μL) was added to tubes containing 50 μL of prewarmed compounds 4, 8, 10, 11 (100 μM) for different periods of incubation at 37°C. The reaction was terminated by addition of 0.9 mL of ice-cold acidified ethanol (86% ethanol: 1N HCl = 99: 1). Samples were then snap-frozen in liquid nitrogen and thawed (four times) to destroy membranes of mast cells. The debris was sedimented in a centrifuge (400×g at 4°C, for 5 min), and 0.9 mL of the supernatants was transferred to fresh Eppendorf tubes and evaporated to dryness under reduced pressure. The dried samples were reconstituted in 1 mL of assay buffer for cAMP quantification using 125 I-cAMP radioimmunoassay kit.
